The Chemistry of (U,Pu)O2 Dissolution in Nitric Acid  by Carrott, M.J. et al.
 Procedia Chemistry  7 ( 2012 )  92 – 97 
1876-6196 © 2012 The Authors. Published by Elsevier B.V. Selection and /or peer-review under responsibility of the Chairman of the ATALANTA 2012 
Program Committee 
doi: 10.1016/j.proche.2012.10.017 
ATALANTE 2012 
International Conference on Nuclear Chemistry for Sustainable Fuel Cycles 
The chemistry of (U,Pu)O2 dissolution in nitric acid 
M.J. Carrotta, P.M.A. Cookb, O.D. Foxc, C.J. Maher*a,d, S.L.M. Schroederd
a National Nuclear Laboratory, Central Laboratory, Sellafield Seascale, Cumbria, CA20 1PG, UK 
b Sellafield Limited, Sellafield, Seascale, Cumbria, UK, CA20 1PG, UK. 
c Nuclear Decommissioning Authority, Herdus House, Westlakes Science & Technology Park, Moor Row, Cumbria, CA24 3HU, UK. 
d School of Chemical Engineering and Analytical Science, The University of Manchester, Manchester, M13 9PL, UK 
Abstract 
The focus of this paper is the chemistry of mixed uranium plutonium oxide (MOx,) in nitric acid. An overview of dissolution 
chemistry is discussed by comparing the differences in the dissolution characteristics of uranium and plutonium oxides. An 
overview of batch dissolution experiments, studying the dissolution chemistry of high surface area MOx powders and low 
surface area MOx pellets with reference to the effects of nitrous acid, nitric acid and temperature are described. The results 
are discussed in terms of the autocatalytic mechanism and mass transfer limited dissolution. 
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1. Introduction 
The head-end of a reprocessing plant is the first step to the reprocessing of spent nuclear fuel and has two key 
steps, shearing and dissolution. The shearing helps to determine how the nitric acid can access the fuel and the 
degree of pulverization. The sheared fuel is dissolved in nitric acid followed by conditioning prior to the chemical 
separation process, which purifies the actinides of interest. As fuel is converted from the solid fuel matrix into 
solution form, any undissolved fuel is lost from the nuclear fuel cycle, increasing the long term radioactivity and 
radiotoxicity of the reprocessing wastes.  Both the shearing and dissolution process steps are important in terms 
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of minimizing fuel losses in head-end. Improvements in the understanding of MOx dissolution chemistry with 
optimization of the shearing step will allow the maximum recovery of fuel. The focus of this paper is to 
summarize the chemistry of MOx dissolution.  
Figure 1 shows calculated waste radiotoxicity for various percentage recoveries of U, Pu and U, Np, Pu, Am, 
Cm compared with spent fuel (0 % recovery) and fission products (FP). The graphs clearly show that to maximize 
the benefits of future reprocessing schemes, where the minor actinides are recycled, high recoveries become 
increasingly important.  
Figure 1. Effect upon radiotoxicity of waste per tonne spent UO2 for various recoveries of a) U, Pu and b) U, Np, Pu, Am, Cm 
As part of the EU FPVII ACSEPT project, the UK National Nuclear Laboratory (NNL) has undertaken 
chemical studies in the area of head-end chemistry. These studies are relevant to the design of head-end processes 
for UK legacy non-standard fuels, support to current operations and future fuels. These studies have focused on:  
x conceptual studies considering reprocessing of a variety of fuel types,  
x practical studies investigating mixed uranium plutonium oxide dissolution in nitric acid 
x practical studies investigating the dissolution of plutonium dioxide (simulated plutonium rich MOx 
residues) in the presence and absence of simulated insoluble fission products.  
2. Background chemistry 
Uranium dioxide (UO2) and mixed uranium plutonium dioxide (MOx, (U,Pu)O2) are important reactor fuels. 
During the reprocessing of these materials they are dissolved in nitric acid to produce a dissolver product 
containing typically ca. 3 mol.l-1 nitric acid and 1.0-1.3 mol.l-1 uranium and plutonium. This product must be 
suitable for the solvent extraction chemical separation process. The dissolution, is typically carried out at 
elevated temperature, 70-110 qC, to allow dissolution on a short timescale. During dissolution the uranium is 
oxidised to uranyl and nitrogen oxides (Equation 1 below) where x depends on the nitric acid concentration[1]. 
Depending upon the dissolver conditions the plutonium can be present in the tetravalent state or the hexavalent 
state.
3 UO2 + 4(2+x) HNO3 o 3UO2(NO3)2 + 2(1-x) NO + 6x NO2 + 2(2+x) H2O    (where 0<x<1)  (1) 
During dissolution isotopic labelling studies have shown that the oxidation of the uranium dioxide is carried 
out as a solid state reaction[2, 3]. The surface oxidation and dissolution process proceeds via an autocatalytic 
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mechanism; that is, after a slow induction period dissolution occurs more rapidly. Early studies correlated the 
increase in dissolution rate with temperature and nitric acid concentration in an attempt to interpret and model the 
mechanism [4-7]. Due to the autocatalytic nature of the dissolution reaction the dissolution models often had 
gaps. A careful set of experiments studying the effect of nitric and nitrous acid (a nitric acid reduction product) 
showed that dissolution is dependent upon nitric and nitrous acid concentrations [8, 9]. Also, under typical 
dissolver conditions the nitrous acid oxidation step is much more rapid than that with nitric acid, thus providing 
evidence that explains the induction periods (Equation 2) and more rapid autocatalytic mechanism (Equation 3). 
The significance of nitrous acid in the rapid reactions and slower nitric acid reactions is supported by 
fundamental studies of nitric acid, e.g. [10], and the dissolution of other materials, e.g. copper metal [11]. 
UO2 + NO3
- + 3 H+o UO22+ + HNO2 + H2O      (2) 
UO2 + 2 HNO2 +2 H
+o UO22+ + 2 NO + 2 H2O      (3) 
Unlike uranium dioxide, plutonium dioxide does not dissolve in nitric acid to an appreciable degree [2, 12]. 
Thermodynamic calculations have shown that the dissolution of plutonium dioxide either by reaction with acid 
(Equation 4) or by oxidation (Equations 5 and 6) are thermodynamically unfavourable [2]. Despite this, in MOx 
fuel, when the microscopic plutonium concentration is a small fraction of the uranium , the plutonium does 
dissolve in nitric acid [13]. The decrease in the extent of MOx dissolution for increasing plutonium content is 
clearly shown in Figure 2 [13]. A sharp decrease in the extent of dissolution is observed for >35% Pu (as 
calculated according to [Pu]/([U]+[Pu]) and little dissolution is observed for > 55–65 %Pu. 
PuO2 + 4 H
+ o Pu4+ + 2 H2O        (4) 
PuO2 + NO3
- + 2H+ o PuO2+ + NO2 + H2O       (5)
PuO2 + NO3
- + 3H+ o PuO22+ + HNO2 + H2O      (6) 
It was suggested [13] that the reduction in the extent of dissolution of MOx is due to the plutonium solubility 
saturation being reached. However, an alternative explanation is that at higher plutonium contents one of the 
reactions becomes thermodynamically unfavourable. Thermodynamic calculations in this work have shown that 
the nitrous acid reaction becomes unfavourable at ca. 40 %Pu. Although this result does not provide proof, it 
does provide an explanation based on both thermodynamics and kinetics. 
Figure 2. The percentage MOx dissolved with different plutonium contents in 5 or 10 mol.l-1 nitric acid at reflux for 8 hours [13] 
Current commercial MOx manufacturing processes are based on the mechanical blending of separate pure 
uranium and plutonium dioxides, followed by pressing and sintering into pellets. As the starting materials are 
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pure uranium and plutonium dioxides, the final products are not homogeneous on an atomic scale but have 
microscopic heterogeneities. Based on Figure 2, any plutonium rich regions will result in undissolved residues. 
3. Experimental studies 
Batch dissolution experiments were carried out aimed at understanding the factors that affect the dissolution of 
uranium dioxide and thermal reactor MOx (ca. 5% Pu). The dissolution experiments have been carried out by 
thermostatting a volume of nitric acid, then adding the material and in some experiments sodium nitrite as a 
nitrous acid source. Most experiments were stirred in an attempt to minimise surface autocatalytic reactions, 
thereby minimising the difference between the surface and bulk solution composition. The uranium, plutonium 
and nitrous acid concentrations were determined by in-line and off-line UV-Vis spectrometry, either by direct 
measurements or by colorimetry. The solution open redox potential was also monitored using a platinum wire 
and Ag/AgCl reference electrode separated by a salt bridge. Analysis of powder dissolution experiments was 
carried out by fitting the initial linear dissolution rate to a spherical core shrinkage model, as used by other 
authors [9]. The results of pellet dissolution experiments will be expressed as an average dissolution rate at 30 % 
dissolution.  
3.1. MOx powder dissolution studies 
Dissolution experiments with 4.7 %Pu MOx powder (ca. 1.3 m2.g-1) have been used to study the effect of 
various nitric and nitrous acid concentrations at 40 qC. The effect of temperature and nitrous acid concentration 
in 4 mol.l-1 nitric acid have also been examined. An example of the results is shown in Figure 3. 
The results were used to develop a kinetic model (Equation 6), which has a similar form to the results for 
uranium dioxide[9].  
       
      (6) 
These experiments confirm that the uranium dioxide and low plutonium content MOx dissolve via a similar 
mechanism and suggest that the wealth of dissolution literature available for uranium dioxide [4-7, 9] is relevant 
to the dissolution of bulk phase MOx. 
Figure 3. Effect of nitrous acid concentrations in 4-7 mol.l-1 nitric acid at 40 qC upon dissolution rate of 4.7 %Pu MOx powder 
zyx HNONOkNOk
dt
Ud
][][][
][
23231
  
1.00E-06
1.00E-05
1.00E-04
0 0.01 0.02 0.03 0.04
R
at
e 
(m
o
l.c
m
-2
.m
in
-1
)
[HNO2] (mol.l-1)
5
6
7
[HNO3] (mol.lͲ1)
4
96   M.J. Carrott et al. /  Procedia Chemistry  7 ( 2012 )  92 – 97 
3.2. MOx pellet dissolution studies 
Dissolution experiments with 5.0 %Pu MOx pellets, each with a mass of ca. 10 g, have been used to study the 
effect of:
x nitric acid in the absence and presence of added nitrous acid at 80 qC
x temperature 
x nitric acid concentration.  
An example of the effect of temperature and nitric acid concentration upon the dissolution rate is shown in Figure 
4. In contrast to the results of the powder dissolution experiments at high temperature and high nitric acid 
concentrations, the dissolution rate becomes less sensitive to the effect of nitric and nitrous acid concentrations. 
Under these conditions bubbles stream from the pellet surface at a high rate and it is believed that the dissolution 
rate becomes mass transfer limited. Similar observations for uranium dioxide pellets have been made[4]. 
Figure 4. Effect of nitric acid concentration and temperature upon the dissolution rate of MOx pellets at 30 % dissolution 
4. Discussion 
The results of this work will allow quantitative predictions to be made about the dissolution of unirradiated 
MOx. This information is useful for the design of dissolver cycles. It is also important to maximize the extent of 
dissolution of any plutonium rich particles in MOx, as even small amounts of plutonium insoluble residues must 
undergo careful criticality safety case analysis. Future work to improve the understanding of the mechanism of 
high plutonium content MOx is needed, as this will allow the design of time efficient dissolver cycles that 
maximize plutonium recovery. In the dissolution of irradiated MOx the role of the fission products, in terms of 
the effect of solid state structure and their interaction with the dissolution mechanism, is topic for further 
research... This study therefore helps improve the knowledge of the dissolution of MOx by minimizing plutonium 
loses in the head-end dissolution step. This type of development is important to aid safety case development for 
U, Pu recycle schemes and to achieve the waste radiotoxicity reductions in future Np, Am, Cm recycle schemes 
(Figure 1). 
Acknowledgements 
The author (CJM) would like to thank the NNL, Sellafield Ltd, the UK Nuclear Decommissioning Authority 
(NDA) and the ACSEPT (EC FP7 Euratom contract nq 2007-211267) project for financial support and the 
University of Manchester for support in his doctoral studies. 
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
0.00255 0.00265 0.00275 0.00285 0.00295 0.00305
LN
D
iss
ol
ut
io
n
ra
te
(m
g.
m
in
Ͳ1
)
TͲ1 (KͲ1)
14
12
10
8
[HNO3](mol.lͲ1)
97 M.J. Carrott et al. /  Procedia Chemistry  7 ( 2012 )  92 – 97 
Références 
 [1] Sakurai, T., et al., Nuc. Technol., 1988. 83(1): p. 24-30. 
 [2] Madic, C., et al., Transuranium Elements - a half century, ACS 1992: p. 457-468. 
 [3] Ikeda, Y., et al., Journal Nuc. Sci. & Tech., 1993. 30(9): p. 962-964. 
 [4] Taylor, R.F., et al., J. Appl. Chem., 1963. 13: p. 32-40. 
 [5] Shabbir, M. et al.,J. Appl. Chem. USSR, 1968. 18(5): p. 129-&. 
 [6] Shabbir, M. et al., J. Appl. Chem. USSR, 1969. 19(2): p. 52-&. 
 [7] Uriarte, A.L. et al., ORNL report ORNL-3695, 1965 
 [8] Nishimura, K.U., et al., J. Nuc. Sci. & Tech, 1995. 32(2): p. 157-159. 
 [9] Asano, Y., et al., J. Nuc. Sci. & Tech., 1996. 33(2): p. 152-156. 
 [10] de Groot, M.T. et al., J. Electroan. Chem., 2004. 562(1): p. 81-94. 
 [11] Elcheikh, F.M., et al., Annali Di Chimica, 1983. 73(1-2): p. 75-89. 
 [12] Ryan, J.L., et al., Transuranium Elements - a Half Century, ACS, 1992 
 [13] Vollath, D., et al., Nuc. Technol., 1985. 71(1): p. 240-245. 
